Background
==========

Alzheimer disease (AD), a common age-related neurodegenerative disorder, has affected a large number of elderly people around the world \[[@b1-medscimonit-23-801]\]. Since managing AD is costly and time-consuming, this disease has been considered a major challenge in both developing and developed countries \[[@b2-medscimonit-23-801]\]. AD has a number of different manifestations: cognitive impairment; disabilities; mood disturbance; and behavioral and psychological abnormalities like aggression, agitation, combativeness, delusions, hallucinations, and depression \[[@b3-medscimonit-23-801],[@b4-medscimonit-23-801]\]. The above manifestations dramatically undermine quality of life, impose huge burdens on the health care system, and even contribute to earlier admissions to nursing homes \[[@b3-medscimonit-23-801]\]. The number of patients with AD is estimated to rise to approximately 9.2 million by 2050 \[[@b5-medscimonit-23-801]\]. AD is characterized by a gradual decline in cognitive functions, and brains of AD patients are scattered with fibrillogenic amyloid-β peptide (Aβ) oligomers \[[@b6-medscimonit-23-801]\]. Amyloid plaque is composed of Aβ and it is a critical pathological hallmark of AD \[[@b7-medscimonit-23-801]\]. However, standard pharmacotherapies that are able to persistently manage and control the progression of AD are still not available.

Autophagy, which consists of microautophagy, chaperon-mediated autophagy, and macroautophagy, is a key pathway related to the degradation of long-lived proteins \[[@b8-medscimonit-23-801]\]. Autophagy is essential to neuronal homeostasis and it works on pathways that are either dependent or independent on mammalian target of rapamycin (mTOR) \[[@b9-medscimonit-23-801],[@b10-medscimonit-23-801]\]. Defects in autophagy functions are likely to trigger excessive accumulation of proteins in the brain \[[@b11-medscimonit-23-801]\]. Emerging evidence has demonstrated the role of autophagy in many different neurodegenerative disorders, including AD \[[@b12-medscimonit-23-801]\] and the association between autophagy and AD pathology has been shown by researchers \[[@b13-medscimonit-23-801]\]. For instance, pathologically autophagic vacuole accumulation and macroautophagic induction were discovered in AD patients and animal models \[[@b14-medscimonit-23-801]\]. Autophagy-lysosome defects, which have been suggested as a significant contributor to the progression AD, usually appear at the early stage of this disease \[[@b12-medscimonit-23-801]\]. Therefore, autophagy may be targeted for developing new AD therapies \[[@b9-medscimonit-23-801]\].

Furthermore, some compounds that induce autophagy may be promising targets for managing AD through decreasing the level of Aβ. Recently, researchers have concentrated on autophagy modulation using pharmaceuticals such as GTM-1 together with rapamycin (Rap), autophagy inducer, and autophagy enhancer \[[@b15-medscimonit-23-801],[@b16-medscimonit-23-801]\]. Carbamazepine (CBZ) is another effective compound for managing AD since it is able to induce autophagy and protect against neurodegeneration *in vivo* \[[@b9-medscimonit-23-801]\]. CBZ is a typical anti-epileptic drug that has vigorous enhancement effects on autophagy \[[@b17-medscimonit-23-801]\]. As suggested by recent studies, CBZ is likely to eliminate autophagic substrates through increasing autophagic flux, which is significantly altered in AD patients \[[@b17-medscimonit-23-801]\]. A liver disease model constructed in mice revealed that CBZ could reduce hepatic fibrosis and hepatic load of mutant α1-antitrypsin Z by enhancing autophagic flux \[[@b11-medscimonit-23-801]\]. Moreover, CBZ can significantly decrease abnormal protein aggregation and toxicity \[[@b18-medscimonit-23-801]\], and long-term treatment of CBZ may protect mice against AD since autophagic flux was enhanced \[[@b17-medscimonit-23-801]\]. On the other hand, GTM-1 has dual functions: antagonism against the toxicity of Aβ-oligomer and autophagy induction. Additionally, GTM-1 contributes to rapid and efficient autophagy in neurons and is therefore believed to be an effective therapeutic strategy for AD \[[@b15-medscimonit-23-801]\]. As suggested by transgenic animal models, rapamycin (Rap) is an autophagy activator that may mitigate Aβ neuropathology and cognitive impairment caused by AD \[[@b17-medscimonit-23-801],[@b19-medscimonit-23-801]\].

Recently, there is a trend toward managing AD assisted by autophagy regulation, and relevant data has confirmed the effectiveness of Rap, CBZ, and GTM-1 in alleviating manifestations of AD. However, the effectiveness of GTM-1 has not been confirmed because the mechanism by which it impedes the progression of AD is not clear. Thus, our study compared the efficacy and safety of Rap, CBZ, and GTM-1 in AD mice and investigated the effects of these drugs on autophagy. As a result, our study not only provides a key reference for identifying the optimal therapeutic drug for managing AD, but also shows the role of autophagy in AD.

Material and Methods
====================

Mice and drug administration
----------------------------

We purchased 3×Tg AD (AD) mice from the Animal Experiment Center of Changhai Hospital, Second Military Medical University. Mice were housed in cages and each cage contained 4--5 mice. All mice were raised based on a cycle of 12 h light/12 h dark and they had *ad libitum* access to food and water during the treatment period. Administration of therapeutic drugs was performed when mice were 6 months of age. Each experiment was carried out based on equal numbers of male and female mice. All experimental procedures in this study complied with the guidelines provided by Changhai Hospital, Second Military Medical University and they were approved by the Institute of Animal Care. CBZ (Sigma, USA) was given to 3×Tg AD mice through daily oral administration at 100 mg/kg for 2 months. GTM-1 (6 mg/kg) was given to 3×Tg AD mice daily for 2 months, and oral Rap (1 mg/kg) (Biochempartner, Shanghai) was administrated daily for 2 months. Mice were divided into 4 groups with equal size (n=10): Vehicle group (treated with DMSO), GTM-1 group (treated with GTM-1), Rap group (treated with Rap), and CBZ group (treated with CBZ).

Morris water maze test
----------------------

The Morris water maze test was carried out after treatment had been administered for 1 month. This test was implemented using an apparatus including a circular plastic tank with diameter of 1.2 m and height of 0.5 m (RWD, China). A camera was used for recording movements of mice and relevant results were automatically transferred to a computer in which the SMART 2.0 software system was used for analysis. Water temperature was maintained at 21±1°C during the experiment. A platform with diameter of 6 cm was placed 1.5 cm below the water surface and nontoxic white paint was added to make the water opaque. The Morris water maze was divided into 4 quadrants, which were marked as N (North), S (South), E (East), and W (West). S represented the location of the mice and the opposite of S was represented by N. E represented the right of the mice, whereas the left region of S was represented by W. A platform was placed in the middle of the SW quadrant. The entry point was set to equalize the distance between the initial position and the platform. Mice were trained to swim 4 times per day for 5 days. Mice were randomly placed at different entry positions in the water. Mice were placed on the platform for 15 s when they identified the platform within 120 s. Mice were wiped dry and placed in a warm cage after the training procedure was completed. Time spent identifying the platform was considered as the escape latency and recorded over the 5-day period. Swimming speed and track were recorded by the system. After the 24-h hidden platform training, the platform was removed and mice were placed in positions opposite the platform quadrant for spatial memory assessment.

Protein extraction
------------------

Mice were firstly anesthetized with 10% chloral hydrate and were killed by transcardial perfusion using cold PBS. Brains were separated from mice for future studies and half of the brain was conserved in 4% paraformaldehyde. Hippocampi were homogenized in T-PER buffer using a homogenizer (Thermo Scientific). According to the protocol, samples were centrifuged at 25 000 g and at 4°C for 30 min. Supernatant was collected as the soluble fraction for Western blot and ELISA detection, while the remaining part was homogenized in 70% formic acid and centrifuged again, according to the above instructions. After that, the acquired supernatant was considered as an insoluble fraction for ELISA.

Routine blood analysis and chemical detection
---------------------------------------------

Both routine blood examination and chemical detection was performed to evaluate drug efficacy and safety reflected by the circulation, kidney, and liver system. Supernatants of blood samples obtained by centrifuging were collected for chemical testing for chemical indexes, including the concentration of white blood cells, red blood cells, hemoglobin, platelets, glutamic-pyruvic transaminase, glutamic oxalacetic transaminase, blood urea nitrogen, Cr, and blood glucose.

Western blot and ELISA
----------------------

Protein collected from soluble fraction was denatured in boiling water and transferred onto polyvinylidene fluoride (PVDF) membranes once the procedure of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was completed. Membranes were washed in Tris-Buffered Saline Tween (TBST) added with 5% skim milk for 1 h and then treated with primary antibodies against mTOR (1:1000), p-mTOR (1:1000), total P70S6K (1:1000), and p-P70S6K (1:1000) at 4°C overnight. Membranes were incubated with secondary antibodies once they were completely washed. Samples together with reduced Actin, which was set as the endogenous control, were ultimately processed with enhanced chemiluminescence and quantified by Lab Works4.5 software (Mitov Software). The ELISA experiment was conducted based on the manufacturer's protocol for detecting the expression levels of soluble and insoluble Aβ42.

Immunohistochemistry
--------------------

Mice were killed when the Morris water maze test was completed. Paraffin-embedded tissue sections of 50-μm were obtained using the Leica Vibratome slicing system and stained based on the protocol. Each tissue slice was stored at 4°C and 3% H~2~O~2~ was incubated with the sections at 25°C for 30 min so that endogenous peroxidase activities can be quenched. Then sections were separately washed by TBS-A and TBS-B for 15 min and 30 min to block unspecific bindings. Next, sections were incubated with the corresponding primary anti-Aβ antibody (Covance, USA) at 4°C overnight. Then, redundant antibodies were washed and an appropriate second antibody was used for 1-h incubation at 25°C. After that, slices were incubated with second antibodies labeled by horseradish peroxidase (HRP). Finally, the avidin-biotin horseradish peroxidase system was used to develop sections with diaminobenzidine (DAB) substrate and images were analyzed by the ImageJ software.

Statistical analysis
--------------------

All statistical analyses were performed with SPSS 18.0 software (Chicago, IL). Data are shown as mean ± standard deviation (SD). Categorical data were analyzed using the chi-square test. The 2-tailed *t* test or 1-way analysis of variance (ANOVA) was used to compare differences between or among groups and *P*\<0.05 provided evidence for statistical significance.

Results
=======

Toxic effects of drugs reflected by animal models
-------------------------------------------------

Effects of GTM-1, Rap, and CBZ on physiological indexes of 3×Tg AD mice are shown in [Table 1](#t1-medscimonit-23-801){ref-type="table"}. Indexes in the GTM-1 or Rap group obtained from the routine blood test and biochemical test were not significantly different from those in the vehicle group (all *P*\>0.05), suggesting that the dosages of GTM-1 or Rap were not significantly associated with toxic effects. However, the amount of WBC (white blood cells), RBC (red blood cells), and PLT (platelets) in the CBZ group were significantly decreased in comparison to those in the vehicle group (all *P*\<0.05). Compared to the vehicle group, BUN (blood urea nitrogen) levels in mice treated with CBZ were substantially increased (*P*\<0.05). Although ALT (alanine transaminase) and AST (aspartate transaminase) levels in the CBZ group were slightly higher compared to those in other groups, these differences appeared to be insignificant. Therefore, we concluded that the dosage of CBZ had toxic effects on 3×Tg AD mice.

Effects of drugs on spatial memory of 3×Tg AD mice
--------------------------------------------------

As shown in [Figure 1A](#f1-medscimonit-23-801){ref-type="fig"}, GTM-1, Rap, and CBZ significantly deceased the escape latency of 3×Tg AD mice on day 5 compared to that in the vehicle group (all *P*\<0.001), while such decline appeared to be more significant in the Rap group than those in the GRM-1 and CBZ group (all *P*\>0.05, [Figure 1B](#f1-medscimonit-23-801){ref-type="fig"}). In contrast, swimming speed did not differ significantly among these groups (all *P*\>0.05, [Figure 1B](#f1-medscimonit-23-801){ref-type="fig"}). The percentage of time in target quadrants and the number of platform crossings by mice in the GTM-1, Rap, and CBZ group were significantly higher than those in the vehicle group (all *P*\<0.05, [Figure 1C, 1D](#f1-medscimonit-23-801){ref-type="fig"}). Therefore, GTM-1, Rap, and CBZ significantly improved the spatial learning ability of 3×Tg AD mice.

Drug suppressed Aβ levels in brain
----------------------------------

Immunohistochemistry and ELISA were carried out to determine whether GTM-1, Rap, and CBZ are able to affect Aβ levels in the brain so that the effectiveness of these drugs can be assessed. As suggested by immunohistochemistry, GTM-1, Rap, and CBZ significantly reduced the amount of amyloid plaques in hippocampus of mice compared to the vehicle group ([Figure 2A](#f2-medscimonit-23-801){ref-type="fig"}). Furthermore, both soluble and insoluble Aβ42 levels were significantly lower in hippocampi of mice treated with GTM-1/Rap/CBZ when compared with the vehicle group (all *P*\<0.05, [Figure 2B](#f2-medscimonit-23-801){ref-type="fig"}).

Comparing effects of therapeutic drugs on regulating the autophagy process
--------------------------------------------------------------------------

It has been reported that GTM-1, Rap, and CBZ can improve Aβ pathology through regulating the autophagy process, while such effects may differ among different therapeutic drugs. As suggested by [Figure 3A](#f3-medscimonit-23-801){ref-type="fig"}, GTM-1, Rap, and CBZ up-regulated the expression level of LC3-II and therefore were able to stimulate autophagy in hippocampi of 3×Tg AD mice. Interestingly, Rap regulated neuron autophagy through suppressing the mTOR pathway as well as significantly down-regulating the expression levels of p-mTOR and p-P70S6K (all *P*\<0.05, [Figure 3B](#f3-medscimonit-23-801){ref-type="fig"}). On the other hand, both GTM-1 and CBZ affect autophagy in a manner that is independent on mTOR. No significant changes in protein expressions on the mTOR pathway were identified in the 2 groups compared with the vehicle group (all *P*\>0.05, [Figure 3B](#f3-medscimonit-23-801){ref-type="fig"}).

Discussion
==========

This study used an AD mice model to explore the impacts of GTM-1, Rap, and CBZ on autophagy and then evaluated the toxicity of these therapeutic drugs. Our study proved that Rap, CBZ, and GTM-1 significantly improve the spatial learning and memory capacity of AD mice. The above results were consistent with those obtained from previous studies \[[@b15-medscimonit-23-801],[@b17-medscimonit-23-801],[@b20-medscimonit-23-801]\]. Histopathologically, these interventions all activate autophagy and reduce amyloid β (Aβ) levels in the hippocampus region. Although no significant difference was identified between the treatment and vehicle groups, both Rap and GTM-1 appeared to be slightly more effective than CBZ in eliminating Aβ and impeding the progression of AD.

AD is the most common form of dementia among the elderly, who usually experience progressive memory decline and other cognitive impairment \[[@b21-medscimonit-23-801]\]. A growing number of studies have demonstrated that autophagy is able to degrade the aggregation and deposition of misfolded peptides or proteins, including the Aβ peptide and the hyperphosphorylated tau protein \[[@b22-medscimonit-23-801]\]. It was also proposed that stimulating the autophagic flux has a positive role in Aβ neuropathology and memory amelioration \[[@b6-medscimonit-23-801],[@b23-medscimonit-23-801]--[@b25-medscimonit-23-801]\]. Furthermore, mammalian target of rapamycin (mTOR) can suppress the autophagic effect on neurons, and Rap is able to inhibit the mTOR pathway \[[@b26-medscimonit-23-801]\]. Another study suggested that anti-epileptic drugs such as CBZ have a potent effect on autophagy flux enhancement, which is able to alleviate AD symptoms, as confirmed by an *in vivo* experiment in which APP^swe^/PS1^deltaE9^ Tg AD mouse models were built over a 3-month CBZ treatment period \[[@b17-medscimonit-23-801]\]. As recommended by a recent study, GTM-1 is a new autophagy inducer, which is able to antagonize Aβ deposition, and its positive effects on cognitive deficits have been validated \[[@b15-medscimonit-23-801]\].

The mTOR pathway is essential to protein homeostasis and most conventional AD therapies are aimed at inhibiting the mTOR pathway so that autophagy function is stimulated and aggregation of Aβ deposition can be impeded \[[@b27-medscimonit-23-801]\]. We also discovered that both CBZ and GTM-1 exerted their autophagic effects in a manner that is independent of the mTOR pathway, while Rap significantly down-regulated the level of p-mTOR and p-P70S6K. However, positive effects of Rap on Aβ oligomer degradation have not been confirmed in elderly AD mice4\[[@b6-medscimonit-23-801]\]. Since many other pathways are likely to regulate autophagy, we suspected that CBZ may exert its role in autophagy enhancement in a calpain-mediated way \[[@b28-medscimonit-23-801]\]. It was also suspected that CBZ acts as a novel molecular corrector to restore ATP-sensitive potassium (K~ATP~) channels among congenital hyperinsulinism patients \[[@b29-medscimonit-23-801]\]. Moreover, CBZ was effective for patients with α1-antitrypsin (AT) deficiency since it decreased both ATZ hepatic load and hepatic fibrosis in mice with congenital liver diseases \[[@b11-medscimonit-23-801]\].

Another *Mycobacterium tuberculosis* (MTB) study *in vivo* revealed that CBZ was able to stimulate autophagy and its autophagic effects were independent of the mTOR pathway under the charge of cellular depletion of myo-inositol \[[@b30-medscimonit-23-801]\]. The efficiency of autophagy was unexpectedly enhanced by GTM-1 through both asparagine and thapsigargin, which eventually contributes to neuroprotection. As suggested by models constructed in 15-month-old AD mice, GTM-1 reduced Aβ deposition and improved the learning ability, as well as memory capacity, of these mice \[[@b15-medscimonit-23-801]\].

This study compared autophagic effects of several therapeutic drugs, including CBZ, Rap, and GTM-1. All of these therapeutic drugs exhibited positive effects on Aβ reduction and on alleviating AD symptoms. Nevertheless, a recent meta-analysis indicated that mood stabilizers such as CBZ and Rap were not effective but rather are harmful to AD patients \[[@b31-medscimonit-23-801]\]. More importantly, several issues in this study should be addressed by future researchers. For instance, exploratory experiments on topics including optimal dosage, potential molecular pathways of autophagy, and the effectiveness of combined use of therapeutic drugs should be encouraged in the future.

Conclusions
===========

Our study provided solid evidence that: (1) GTM-1, Rap, and CBZ can alleviate AD symptoms and the amount of amyloid plaques; (2) CBZ and GTM-1 exhibited autophagic effects, which were independent on the mTOR pathway; (3) CBZ was associated with a certain degree of toxicity, which was proportional to its dosage. As a result, GTM-1 could be considered as an AD treatment that is free from toxicity and its autophagic effects were triggered through a non-conventional pathway. Hence, GTM-1 may replace Rap therapy due to its potent effectiveness and insignificant toxicity, particularly for AD patients who are sensitive to Rap therapies.
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![Spatial learning ability and behavior pattern of 3×Tg mice. GTM-1, Rap, and CBZ can significantly restore the spatial learning and memory deficits assessed by the Morris water maze test. (**A**) Latency in seconds for finding the hidden platform over the 5-day period test. (**B**) Swim speed of mice in each group did not change significantly. (C--D) The percentage of time in target quadrant and the number of crossing were significantly improved by GTM-1, Rap, and CBZ compared with the vehicle group. \* Represents *P*\<0.05, \*\* represents *P*\<0.001.](medscimonit-23-801-g001){#f1-medscimonit-23-801}

![Treatments of GTM-1, Rap, and CBZ reduced the level of Aβ42 in 3×Tg mice. (**A**) Representative images of Aβ-stained brain sections. (**B**) Soluble and insoluble Aβ42 levels in hippocampi were detected by ELISA. \* Represents *P*\<0.05.](medscimonit-23-801-g002){#f2-medscimonit-23-801}

![Protein expression levels involved in autophagy were detected by Western blot. (**A**) Representative expressions of LC3-II in the 4 groups. GTM-1, Rap, and CBZ up-regulated the expression of LC3-II compared to the vehicle group. (**B**) Protein levels of autophagy, which are dependent on the mTOR pathway. Treatment of GTM-1 or CBZ did not significantly affect protein expressions on the mTOR pathway. \* Represents *P*\<0.05.](medscimonit-23-801-g003){#f3-medscimonit-23-801}

###### 

The physiological characteristics of each group.

  Index                Vehicle       DTM-1         Rapamycin     Carbamazepine
  -------------------- ------------- ------------- ------------- ----------------------------------------------------------------
  Blood routine test                                             
   WBC (×10^9^/L)      0.54±0.16     0.61±0.21     0.65±0.12     0.31±0.14[\*](#tfn1-medscimonit-23-801){ref-type="table-fn"}
   RBC (×10^12^/L)     10.5±1.2      10.92±0.68    10.75±1.54    7.8±0.54[\*](#tfn1-medscimonit-23-801){ref-type="table-fn"}
   HGB (g/L)           155.7±9.56    158.7±12.8    162.2±10.18   150.7±13.3
   PLT (×10^9^/L)      955.4±175.8   942.6±151.2   986.2±139.8   712.8±193.6[\*](#tfn1-medscimonit-23-801){ref-type="table-fn"}
  Biochemical test                                               
   ALT (IU/L)          37.5±8.6      35.2±9.2      41.3±5.0      47.4±9.7
   AST (IU/L)          132.5±25.7    138.7±15.4    133.1±22.5    153.2±20.5
   BUN (mmol/L)        9.4±1.5       9.8±1.5       9.3±1.3       13.2±2.2[\*](#tfn1-medscimonit-23-801){ref-type="table-fn"}
   Cr (μmol/L)         36.2±7.1      38.4±5.9      37.6±6.2      42.8±7.5
   GLU (mmol/L)        10.3±2.5      9.5±2.8       10.6±3.1      8.7±3.6

Represents *P*\<0.05.
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